Mutations that affect calcium homeostasis (Ca 2+ ) in rod photoreceptors are linked to retinal degeneration and visual disorders such as retinitis pigmentosa and congenital stationary night blindness (CSNB). It is thought that the concentration of Ca 2+ in rod outer segments is controlled by a dynamic balance between influx via cGMP-gated (CNG) channels and extrusion via Na + /Ca 2+ , K + exchangers (NCKX1). The extrusion-driven lowering of rod [Ca 2+ ] i following light exposure controls their light adaptation and response termination. Mutant NCKX1 has been linked to autosomal-recessive stationary night blindness. However, whether NCKX1 contributes to light adaptation has not been directly tested and the mechanisms by which human NCKX1 mutations cause night blindness are not understood. Here, we report that the deletion of NCKX1 in mice results in malformed outer segment disks, suppressed expression and function of rod CNG channels and a subsequent 100-fold reduction in rod responses, while preserving normal cone responses. The compensating loss of CNG channel function in the absence of NCKX1-mediated Ca 2+ extrusion may prevent toxic Ca 2+ buildup and provides an explanation for the stationary nature of the associated disorder in humans. Surprisingly, the lack of NCKX1 did not compromise rod background light adaptation, suggesting additional Ca 2+ -extruding mechanisms exist in these cells. Figure 2. Age-dependent retinal degeneration in Nckx1 −/− mice. Light microscope images of semithin retinal sections prepared from Nckx1 −/− mice at the following ages:
Introduction
Calcium (Ca 2+ ) signaling controls a wide range of biological functions. In photoreceptors, Ca 2+ is tightly regulated and abnormal Ca 2+ homeostasis has adverse effects on their function and survival. For example, mutations of phosphodiesterase (1) or the guanylyl cyclase-activating protein GCAP1 (2) that produce abnormally high Ca 2+ levels result in retinal degeneration. Similarly, the abnormally low Ca 2+ level produced by prolonged light exposure (3) , constitutive activation of the phototransduction cascade by mutant rhodopsin (4), vitamin A deprivation, or defective visual cycle (5) (6) (7) (8) and delayed shutoff of phototransduction owing to mutant rhodopsin kinase or arrestin (9, 10) has also been proposed to regulate the life and death of photoreceptors (11) . Finally, mutations that reduce Ca 2+ influx through the cGMP-gated (CNG) transduction channels such as deletion of guanylyl cyclase (12, 13) , mutations (14) or deletion of CNG channel subunits in rods (15) or cones (16) (channelopathies) also lead to photoreceptor degeneration. Common among all these conditions is the resulting prolonged exposure to abnormal Ca 2+ levels in photoreceptors (17, 18) .
In darkness, Ca 2+ flow into the rod outer segment through open CNG channels is matched by its extrusion, believed to be mediated exclusively by the Na + /Ca 2+ , K + exchanger NCKX1 [for recent review, see (19) ]. NCKX1 removes Ca 2+ by exchanging four Na + for one Ca 2+ and one K + ions. Light stimulation activates the phototransduction cascade, causing closure of CNG channels that reduces Ca 2+ influx. The continuing extrusion of Ca 2+ , presumably by NCKX1, leads to decreased [Ca 2+ ] i (20) (21) (22) . This decrease orchestrates a feedback modulation of phototransduction gain and response termination kinetics to extend the operating range of photoreceptors in a process commonly known as light adaptation (23) (24) (25) . Therefore, it is reasonable to assume that NCKX1 plays a critical role in light adaptation. Additionally, as disrupting Ca 2+ homeostasis is implicated in photoreceptor cell death (11, 26, 27) , NCKX1 is likely to play a role in supporting rod survival as well. Indeed, mutant human NCKX1 has been linked to autosomal-recessive night blindness [CSNB (28) ]. However, it is unknown how the function of the rods is affected by the lack of Ca 2+ extrusion via NCKX1. In addition, the stationary nature of the disease is surprising considering the expected dramatic change in Ca 2+ homeostasis in these rods.
Although the biochemical properties of NCKX1 have been extensively studied in vitro, its role in vivo is poorly understood. Surprisingly, deletion of the presumed cone exchanger NCXK2 in mice appeared to have no effect on cone photoreceptor function (29) raising the possibility of NCKX-independent mechanisms for Ca 2+ extrusion in photoreceptors. To address the role of NCKX1 in regulating the mammalian rod Ca 2+ homeostasis, cell survival and phototransduction, and to understand the mechanisms by which mutant NCKX1 causes night blindness in humans, we generated NCKX1-deficient (Nckx1 −/− ) mice. We then analyzed their vision, retina morphology and photoreceptor survival, as well as their rod phototransduction and light adaptation.
Results

Deletion of NCKX1 in mouse rods
To remove NCKX1, most of the second exon of the NCKX1-coding gene Slc24a1 was deleted and replaced by neomycin cassette (Fig. 1A) . To confirm the deletion of NCKX1 from the rod photoreceptors, we performed western blot analysis on whole retinal extracts from WT controls and Nckx1 −/− mice. We first used several commercially available antibodies. However, these proved not to be useful as they showed similar nonspecific bands in both WT and Nckx1 −/− retinal extracts, and the antibody against bovine NCKX1 (30) did not cross-react with the murine protein. We therefore developed a monoclonal antibody (NCKX1 8H6) from a mouse immunized with a GST-fusion protein containing amino acid residues 700-760 of mouse NCKX1. The 8H6 antibody strongly reacted with a band at 230 kDa and two lower bands of various intensities in the WT samples (Fig. 1B) . This pattern is identical to that seen in bovine retinal extracts using the bovine-specific NCKX1 antibody PMe1B3, with the full-length protein migrating at 230 kDa and the lower-molecular-weight bands being proteolytic fragments (30) . As expected, these bands were not present in the Nckx1 −/− samples, confirming the successful removal of NCKX1 expression. To evaluate the distribution of NCKX1 in mouse retina, we performed immunohistochemistry on WT and Nckx1 −/− retinal sections. The 8H6 antibody showed specific labeling in the outer segment layer of the photoreceptors in WT mouse retinas (Fig. 1C) . At higher magnification, the fluorescent signal appeared to outline the rod outer segment, a staining pattern consistent with its localization to the plasma membrane (30) . No fluorescent signal was detected in the outer segments of Nckx1 −/− mouse retina ( Fig. 1C ; green fluorescence signal at the outer plexiform layer is due to nonspecific staining of mouse vessels by the secondary antibody), although the outer segment layer was present as indicated by the robust rhodopsin staining (red). Together, these results demonstrate the successful deletion of NCKX1 and reveal that its absence does not prevent rod outer segment formation. 
NCKX1 deletion causes slow retinal degeneration and disrupts disk morphogenesis
We next evaluated the effect of NCKX1 knockout on retinal morphology. Figure 2A -D shows representative retinal sections from Nckx1 −/− mice at ages 1, 6 and 12 months and from a WT mouse at 12 months (N ≥ 3). At 1 month of age ( Fig. 2A ), Nckx1 −/− retina appeared similar to that of age-matched WT mouse (not shown). As the Nckx1 −/− mice aged to 6 months, slight thinning of the outer segment and outer nuclear layer was observed ( Fig. 2B ). Progressive thinning of these retinal layers continued to 1 year of age ( Fig. 2C ). For comparison, retinal sections from a 1-year-old WT mouse are shown ( Fig. 2D ). To see whether these degenerative changes are associated with an injury response, retinal sections were stained with an antibody against glial fibrillary acid protein (GFAP), whose expression is often induced in Müller cells as a consequence of retinal degeneration (31) . Nckx1 −/− retinal section from 1-month-old mice showed GFAP immunoreactivity extending from the neurofilament layer toward the outer nuclear layer ( Fig. 2E) , a stereotypical pattern observed in degenerating retinas (31) . Interestingly, GFAP staining attenuated as the mice aged despite ongoing degeneration, such that at 1 year of age, GFAP reactivity was largely confined to the neurofilament layer, similar to age-matched WT retina (Figs 2F-H). We then performed transmission electron microscopy (TEM) to detect ultrastructural changes. The Nckx1 −/− retinal outer nuclear layer at 3 months of age was only slightly thinner compared with age-matched controls (compare Fig. 2I with K). However, TEM images of outer segments showed many of them to be disrupted, with their discs occasionally arranged longitudinally rather than horizontally ( Fig. 2J , arrows), a phenotype reminiscent of Cngβ1 −/− rods (32) . In contrast, the discs of WT rods appeared uniform in size and were regularly stacked and arranged perpendicular to the longitudinal axis of the outer segment ( Fig. 2H ). Together, these results demonstrate that the deletion of NCKX1 in rods disrupts the morphology of their outer segments and results in slow progressive retinal degeneration.
NCKX1 deletion leads to reduced expression of CNG channels
To examine how the absence of NCKX1 affects expression of other phototransduction proteins, we performed western blot analysis of whole retinal extracts from age-matched WT and Nckx1 −/− mice aged 1 to 2 months (Fig. 3A) . Expression levels were decreased for the majority of the proteins, perhaps owing to ongoing rod cell death. The lowered expression observed for the subunits of the CNG channels was particularly striking, by as much as 50% and exceeding the loss of rods at this age. The rod CNGβ1 protein contains a GARP domain at its aminoterminus. An antibody against the GARP epitope [Garp 4B1 (33) ] detects both CNGβ1 as well as GARP2, a soluble protein arising from alternative splicing of the same gene (34, 35) . Interestingly, expression of the GARP2 was also downregulated and the protein appeared degraded (Fig. 3A , left panel). To further examine the relationship between NCKX1 and the CNG channel, localization of these proteins was investigated in frozen retinal sections prepared from Nckx1 −/− and Cngβ1 −/− mice ( Fig. 3B ). Consistent with previous reports (36, 37) , WT rod outer segments showed strong labeling of CNGβ1 whereas CNGβ1 immunofluorescence appeared dimmer in the Nckx1 −/− retina but expression was still restricted to the rod outer segment layer [visualized by rhodopsin immunoreactivity (red) at the right]. To see whether the absence of CNG channels in turn affected NCKX1 localization, we also performed NCKX1 immunofluorescence labeling of Cngβ1 −/− retinas ( Fig. 3B , lower panel). The Cngβ1 −/− retina showed normal NCKX1 localization to the outer segments. However, some NCKX1 labeling appeared punctate, a pattern characteristic of aggregated proteins. Together, these results show a marked downregulation of CNG channels in rods lacking NCKX1 as well as an altered staining pattern of NCKX1 in rods lacking CNGβ1.
Rod-mediated vision is desensitized and slow in NCKX1-deficient mice
Although the removal of NCKX1 led to slowly progressing rod degeneration, the retinas of 1-to 3-month-old Nckx1 −/− mice appeared largely normal, suggesting that mutant rods might still contribute to mouse vision. To test that, we assessed the sensitivity of rod-driven dim light vision by OptoMotory (CerebralMechanics, Inc.) experiments in 2-month-old mice. This behavioral assay is based on an optokinetic tracking reflex when the animal is presented a moving grating, which can be adjusted for different spatial frequency or contrast. We determined the lowest contrast of moving gratings that the mice could resolve at different background light levels starting from the dimmest background. Results, illustrated in Figure 4A , demonstrate that Nckx1 −/− mice attain the best contrast sensitivity (i.e. the lowest contrast threshold) at much brighter background light than WT control mice. However, Nckx1 −/− mice were still able to resolve the gratings at substantially lower light levels than Gnat1 −/− mice, whose vision is mediated solely by cone photoreceptors. These results suggest that although removal of NCKX1 desensitizes dim light vision, the mutant rods still contribute to the overall visual function. We did not observe a statistically significant difference in the contrast threshold in bright light between WT, Nckx1 −/− and Gnat1 −/− mice, suggesting that the function of cones is not compromised by the deletion of NCKX1.
We next used ERG recordings from dark-adapted mice to test the role of NCKX1 in rod-mediated signaling. The insets in Figure 4B exemplify responses to short test flashes of varying energy recorded from WT control and Nckx1 −/− mice. Notably, the scotopic a-waves from Nckx1 −/− mice were much smaller compared with WT control mice as will be described in more detail later. In order to quantify the sensitivity of rod-mediated signaling, we fitted a sum of two Hill functions (Equation 1) describing the rod and cone contributions to the b-wave amplitude data [ Fig. 5B (38) ]. The sensitivity of the rod pathway is described by the smaller half-saturating flash energy (E 1/2,1 ). Consistent with our behavior results, E 1/2,1 in Nckx1 −/− mice was 0.9 log-units larger than that in WT controls but 2.2 log-units smaller than that in Gnat1 −/− mice, demonstrating that the sensitivity of rod-to-rod bipolar cell signaling is decreased by the deletion of NCKX1. However, Ncxk1 −/− rods still mediated a signaling pathway more sensitive than that driven by cones alone.
To test the effect of NCKX1 removal on the temporal resolution of rod vision, we recorded the ERG responses to dim flicker stimuli from WT and Nckx1 −/− mice. Rods in control mice could easily follow the time course of the stimulus at 3 Hz and showed a robust flicker response at 6 Hz ( Fig. 4C , left panels). In contrast, the rod flicker response in Nckx1 −/− mice was near saturation already at 3 Hz and was completely blocked at 6 Hz ( Fig. 4C , right panels). The inability of Nckx1 −/− rods to follow flicker stimulation normally can also be seen from the rapid decline in their fundamental response amplitude, measured from peak-to-peak (R f , see Materials and Methods) ( Fig. 4D ). These results are consistent with the notion that the slow Ca 2+ extrusion in NCKX1-deficient rods delays the feedback to the phototransduction cascade and results in abnormally slow recovery of the rod photoresponse.
Rod photoresponses are 100-fold smaller in NCKX1-deficient mice
Our results so far demonstrate that NCKX1 is important for longterm survival of rods and the function of rod-mediated vision. However, Nckx1 −/− rods still contribute to mouse vision. To Representative western blots of the indicated phototransduction proteins in whole retinal homogenates prepared from WT control and Nckx1 −/− mice at 1-2 months of age. Two different amounts (8 and 16 μl) were loaded per indicated genotype. Rhodopsin levels were quantified by the difference in absorption at 500 nm in dark and fully bleached solubilized retinas and the molar extinction coefficient of rhodopsin (n = 3) as described in Materials and Methods. In each experiment, protein levels were normalized to actin and then presented as a ratio of Nckx1 −/− to WT (bar graph, n ≥ 7, mean ± SD). (B) Immunofluorescence localization of Cngβ1 and NCKX1 (green) and rhodopsin (red) in retinal sections from WT and the indicated knockout mice. Rhodopsin signal was shown only at the right side of the sections to demonstrate the outer segment layer. Nuclei were visualized by DAPI stain (blue). Scale bar = 25 μm.
understand how the removal of NCKX1 affects the function of rod photoreceptors, we first recorded from single rod photoreceptors by using the well-established suction electrode method. Whereas rods from WT control mice routinely gave 10-15 pA maximal responses (inset in Fig. 5A ), individual Nckx1 −/− mouse rods failed to produce detectable responses. However, drawing several rod outer segments into the pipette yielded consistently a very small (∼0.5 pA) but detectable maximal response (inset in Fig. 5B ), suggesting that each mutant rod has a very small residual transduction channel current that can be suppressed by light. This result is reminiscent of the case of Cngβ1 −/− mice where the majority of rods failed to respond to light and in those that did, the CNG channel current was reduced by ∼10-fold (32, 39) .
We next turned to transretinal ERG recordings to better quantify the effect of NCKX1 removal on rod physiology. We isolated the photoreceptor component of the ERG signal by using DL-AP4 and BaCl 2 in the perfusion to block synaptic transmission and to remove its glial component, respectively. In these conditions, photoreceptor responses of the dark-adapted retina are dominated by rods and show kinetics and sensitivity comparable to these from single-cell recordings (40) . Figure 5A illustrates a family of flash responses recorded from a WT control mouse retina. A similar experiment from a representative Nckx1 −/− mouse retina revealed a dramatically reduced maximal response amplitude (R max ) of the rods (Fig. 5B ). Our average results demonstrated a 100-fold reduction of the rod R max in Nckx1 −/− as compared with WT control mice (see Table 1 ). The dim flash responses of Nckx1 −/− mouse rods also appeared slower than those of WT controls as exemplified by 88% larger time-to-peak (t p ) and 175% longer integration time (T i ) (see Table 1 ). These results showing dramatically smaller and slower rod responses in the absence of NCXK1 are consistent with the behavior and ERG b-wave experiments demonstrating less sensitive and slower rod-mediated vision in the Nckx1 −/− mice (Fig. 4) .
The size of the circulating current is determined by the number of CNG channels on the plasma membrane as well as the level of free cGMP that gates these channels open. Because the reduction of CNG channel expression in Nckx1 −/− mice cannot fully explain the degree to which the circulating current was reduced, we also measured the level of cGMP in dark-adapted WT and Nckx1 −/− retinas at 4 weeks using an enzyme-linked immunosorbant assay. We found the level of cGMP in the dark-adapted Nckx1 −/− retinas to be significantly reduced compared with WT (31 ± 5 versus 71 ± 14 pmol/mg protein, mean ± SD, P ≤ 0.018). Assuming that these changes in total cGMP concentration reflect a reduction in free cGMP, and considering the cooperative binding of three cGMP molecules to the CNG channel (41) (42) (43) , this 2.3-fold reduction in cGMP levels would be expected to produce a substantial additional reduction in the dark current. We also compared the effect of increasing cGMP concentration between Nckx1 −/− and WT control rods on their maximal transretinal ERG a-wave amplitudes (in the presence of DL-AP4 and Barium) by using the PDE antagonist Human Molecular Genetics | 5 at Washington University School of Medicine Library on August 20, 2015 http://hmg.oxfordjournals.org/ 3-isobutyl-1-methylxanthine (IBMX). Consistent with the lower baseline cGMP of Nckx1 −/− rods, IBMX exposure (300 µ) increased their maximal response amplitude 2.2-fold more than that in WT control rods [4.9 ± 0.6-fold (n = 4) versus 2.2 ± 0.03-fold (n = 3) increase of R max , mean ± SEM]. Together, these findings provide an explanation for the bulk of the reduction in the circulating current.
Surprisingly, normalization of the responses to identical dim flashes from WT and Nckx1 −/− mouse rods with their respective R max revealed that the fractional sensitivity was 2.5-fold higher in NCKX1-deficient rods ( Fig. 5C and Table 1 ). Consistent with this, the half-saturating flash energy (E 1/2 ) was also over 2-fold lower for Nckx1 −/− rods compared with WT controls (Fig. 5D ) (see also Table 1 ). Thus, although the maximal response amplitude of Nckx1 −/− rods was severely reduced, their fractional sensitivity actually increased compared with WT controls. This result is consistent with the assumed role of NCXK1 in Ca 2+ extrusion and indicates that the slowed Ca 2+ feedback to the phototransduction cascade in the absence of NCKX1 yielded larger rod response and resulted in higher fractional sensitivity. This finding is reminiscent of the GCAPs knockout mice, where lack of a key component of the rod Ca 2+ feedback, the GCAPs-stimulated synthesis of cGMP by guanylyl cyclases, results in several fold higher rod single photon response and fractional sensitivity (44) .
In order to investigate whether other Ca 2+ exchanger mechanisms in addition to NCKX1 modulate rod physiology, we compared the effect of the NCX inhibitor KB-R7943 that has been shown also to inhibit NCKX1 and NCKX2 (45, 46) , on light responses of WT and Nckx1 −/− mice. We found that KB-R7943 slowed down and decreased the maximal amplitude of WT mouse rod flash responses (Fig. 5E , F and Table 1 ). Furthermore, similar to NCKX1 deletion, application of KB-R7943 increased the fractional sensitivity of WT rods (inset in Fig. 5E and Table 1) . Notably, application of KB-R7943 to the Nckx1 −/− retina did not affect much the maximal response amplitude or sensitivity of rods and actually accelerated their flash response kinetics (inset in Fig. 5F ). Longer exposures to KB-7943 often gradually decreased response amplitudes, suggesting that 0.1 m KB-7943 together with 0.2% DMSO in the Ringer might have some mild toxic effect on photoreceptor function. Together these results suggest that KB-R7943 can suppress NCKX1 function in vivo and that aside from NCKX1, no other KB-R7943-dependent Ca 2+ extrusion mechanisms contribute to the regulation of dark-adapted rod sensitivity or flash response kinetics and amplitude.
Weber-like rod light adaptation is preserved in NCKX1-deficient mice
If NCKX1 is the only mechanism that can extrude Ca 2+ from the rod outer segment, its deletion should remove the Ca 2+ -mediated feedback known to be critical for rod background light adaptation. For example, removal of the Ca 2+ sensor proteins GCAPs that modulate cGMP synthesis compresses the range of background light levels over which rods can operate (44) . To evaluate the effect of NCKX1 deletion of rod background adaptation, we compared the sensitivity of WT control and Nckx1 −/− rods with short 1-ms test flashes delivered 5 s after the onset of a 10-s step of steady background light ( Fig. 6A and B) . Surprisingly, we found that rod sensitivity in background light (s F ), normalized to its dark-adapted value (s F,D ), could still be described by Weber-Fechner function (Equation 2) in Nckx1 −/− retinas ( Fig. 6C ). This result is in contrast to previously published results with GCAPs −/− mice and indicates that over the 5 s of background light exposure, the level of Ca 2+ in the rod outer segments declined and mediated normal background adaptation in Nckx1 −/− rods. The deletion of NCKX1 shifted the rod operating range to dimmer background light intensities as exemplified by the ∼2-fold decrease of the sensitivity-halving background light intensity (I 0 ). However, this shift could be easily explained by the higher fractional sensitivity and larger integration time of Nckx1 −/− rods.
One potential concern with these results is that owing to the extremely small responses of NCKX1-deficient rods, a cone component to the overall transretinal response could affect our adaptation analysis particularly at higher background light intensities. However, independent cone recordings from Nckx1 −/− retinas (see Fig. 7C below) revealed that cones would not contribute to the measured sensitivity for all but the two brightest background light intensities (720 and 2400 photons µm −2 s −1 ) shown in Figure 6C . In addition, because the background light used in this experiment is too dim to desensitize the cones, their sensitivity should not be affected by the increasing background light used here and thus the observed decline in sensitivity of Nckx1 −/− retinas reflects adaptation of their rods.
To confirm that Weber adaptation of rods is preserved in the absence of NCKX1, we did a set of experiments from 3-week-old Nckx1 −/− mouse retinas perfused with Ames medium (containing 40 µ DL-AP4 and 100 µ BaCl 2 ) in order to obtain as large responses as possible. Indeed, in these experiments, the maximal rod response amplitude of Nckx1 −/− rods was on average 28 µV (n = 4), 5-fold higher than in Ringer solution (Fig. 5 ). Thus, it was possible to use dimmer flashes in light adaptation experiments facilitating extraction of pure rod responses that would not be contaminated by cones. We also recorded dark-adapted cone responses to identical flashes used in each background by using double-flash technique. Comparison of these cone responses to the flash responses recorded during background lights revealed that we could measure the sensitivity of rods up to ∼2700 photons µm −2 s −1 without a significant cone contribution (see insets in Fig. 6D ). Even under these conditions rod background light adaptation was not compromised by removal of NCKX1 (Fig. 6D ). Overall, we conclude that light adaptation of rods is not significantly compromised by deletion of NCKX1. This surprising result suggests that Ca 2+ can somehow be extruded from the rod outer segment even in the absence of NCXK1.
To study the nature of this NCKX1-independent mechanism, we tested the effect of NCX/NCKX blocker KB-7943 (see above) to the Nckx1 −/− rod light adaptation. These experiments were complicated by the occasional gradual decrease of rod responses in KB-7943 perfusion. Figure 6D (green circles) shows one example from a retina where sensitivity declined only minimally during the experiment. Despite the presence of KB-7943, Weber adaptation in the Nckx1 −/− retina appeared to be preserved. Hence, KB-7943-sensitive mechanisms other than NCKX1, such as NCKX2 and NCXs, are likely not contributing to the rod light adaptation or Ca 2+ extrusion from the rod outer segments.
Cone-mediated vision is not compromised in NCKX1-deficient mice
To evaluate the effect of the slow progressive rod degeneration in Nckx1 −/− mice on the survival of their cones, retinal sections were stained for the cone markers peanut agglutinin (PNA) and cone S-opsin (S-op). Although the cone outer segments became progressively shorter in older mice, cone numbers appeared to be Human Molecular Genetics | 7
at Washington University School of Medicine Library on August 20, 2015 http://hmg.oxfordjournals.org/ maintained (Fig. 7A) , indicating the absence of detectable cone degeneration. To directly evaluate whether the slow degeneration of rods affects cone function in aging NCKX1-deficient retinas, we compared the responses of young (2 months old) and old (1 year old) Nckx1 −/− and WT control mice by conducting transretinal ERG recordings. Cone responses to varying flash strengths isolated with double-flash technique (see Materials and Methods) from representative retinas of young WT (black) and Nckx1 −/− (red) mice demonstrated that cones respond robustly to light stimulation even in the slowly degenerating Nckx1 −/− retina ( Fig. 7B-E) . Surprisingly, cone responses from the Nckx1 −/− retinas appeared larger in amplitude than those of WT control mice and this difference was statistically significant (P = 0.037, two-tailed t-test; see inset of Fig. 7E) . Figure 7D and the inset in Figure 7E (green) show that cone response amplitudes in 1-year-old mice remained similar to those in young Nckx1 −/− mice. The sensitivity of cones also appeared normal in the absence of NCKX1 and was not affected by age (Fig. 7E ). As removal of NCKX1 appeared to increase cone response amplitudes, we looked for a possible expression of NCKX1 in cones by staining dissociated photoreceptor cells from WT retinas with cone arrestin (mCAR) and NCKX1 antibodies (Fig. 7H ). NCKX1 did not co-localize with cone arrestin, confirming the rod-specific expression of NCKX1 in the mouse retina. We next tested whether removal of NCKX1 compromises the cone-driven daytime vision of mice by performing OptoMotory behavior test under photopic light conditions (see Materials and Methods) from young WT and Nckx1 −/− mice as well from 1-year-old Nckx1 −/− mice. We did not find any statistically significant differences in contrast sensitivity (Fig. 7F ) or visual acuity (Fig. 7G) between young WT and young or old Nckx1 −/− mice. Overall, our results indicate that removal of NCKX1 does not compromise cone-mediated vision in mice up to 1 year of age, even when rod degeneration is already evident. These data are consistent with the phenotype of congenital stationary night blindness in humans with mutant NCKX1 (28).
Discussion
To date, NCKX1 is the only known Ca 2+ extrusion mechanism in the rod outer segment plasma membrane. Indeed, as we show here, NCKX1 plays an important role in setting the sensitivity and temporal properties of rod signaling. Equally important, rod background light adaptation is not compromised by the deletion of NCKX1, indicating the presence of a previously unsuspected NCKX1-independent Ca 2+ clearance mechanism in rod outer segments. The morphological and functional phenotype of our Nckx1 −/− mice is comparable with the CSNB disease caused by mutation in the human NCKX1 (28), demonstrating the etiological significance and therapeutic potential of these mice. Finally, our results provide support for the previously suggested interaction between NCKX1 and CNG channels (47) (48) (49) (50) in intact mouse rods and demonstrate that this interaction is important for normal channel function.
NCKX1 and the regulation of rod phototransduction
Extensive studies with bovine rod outer segments suggest that NCKX1 is the rod-specific Ca 2+ extrusion mechanism (30,51-53). However, it was not clear from these studies how much NCKX1 regulates the physiology of intact mammalian rods and whether NCKX1 is the only mechanism responsible for Ca 2+ extrusion from their outer segments. We demonstrate here that rods without NCKX1 are viable and contribute to mouse dim light vision and rod-mediated synaptic transmission even though the absolute rod response amplitudes are dramatically decreased by the deletion of NCKX1 (Figs 4 and 5) . It is notable that the very small responses of rods that should not be transmitted to the rod bipolar cells (54, 55) are able to support rod-mediated vision. Although this might be due to some developmental compensation in the Nckx1 −/− mice, it is also possible that their small rod signals are transmitted through gap junctions to cone bipolar cells (which do not have a threshold) and integrated by them to produce robust ganglion cell responses and visual behavior (56) (57) (58) . Future work by using, e.g. multi-electrode array retina recordings together with pharmacology and genetics, could reveal the exact mechanism by which such a small rod signals can be transmitted through the retina. Closer examination of rod photoreceptor responses revealed that removal of NCKX1 delayed their recovery and increased the fraction of channels closed by rhodopsin activation (Fig. 5) . Interestingly, fractional dim flash responses of Nckx1 −/− mouse rods (Fig. 5C ) are reminiscent of those from GCAPs −/− mice that lack the dominant Ca 2+ -feedback mechanism (44) . We found qualitatively similar effects of acute inhibition of Ca 2+ extrusion by KB-R7943 as compared with the genetic removal of NCKX1 or GCAPs [Fig. 5 , Table 1 and (44)]. Thus, NCKX1 plays a key role in mediating the fast reduction of Ca 2+ concentration upon light stimulation that is critical for the timely recovery of the rod response. However, in contrast to GCAPs −/− mice, the rods in Nckx1 −/− mice exhibit normal background light adaptation (Fig. 6 ). Hence, Ca 2+ can apparently be extruded from the rod outer segments by an unknown NCKX1-independent mechanism within several seconds after the onset of background light. However, this mechanism is too slow to provide normal feedback to the phototransduction cascade in the time scale of dim flash responses ( Figs 4C and 5C ). The nature of this NCKX1-independent mechanism for Ca 2+ extrusion from rod outer segments is currently unknown. Three possibilities exist: (1) Ca 2+ is sequestered into intracellular stores (e.g. outer segment intradiscal space), (2) Ca 2+ diffuses to the inner segment through the connecting cilium and (3) some yet-unknown Ca 2+ extrusion mechanism exist in the mouse rod outer segment. The failure of the Ca 2+ exchange inhibitor KB-R7943 to slow down the responses or compromise light adaptation of Nckx1 −/− rods (inset in Figs 5F and 6D) implies that such Ca 2+ extrusion is unlikely to be mediated by NCX or NCKX mechanisms. Future molecular, genetic and pharmacology experiments together with direct Ca 2+ measurements from rod outer and inner segments should resolve the nature of this NCKX1-independent Ca 2+ extrusion mechanism. 
Structural and functional dependence between NCKX1 and the CNG channel
In a previous study using commercial antibodies, NCKX1 (Slc24a1) was reported to be localized in the inner segment, the outer and inner nuclear layers and ganglion cells in both the P13 and adult mouse eyes, but undetectable in rod outer segments (28) . However, this labeling pattern is most likely due to nonspecific labeling, as in our hands the commercial antibodies produced similar staining patterns in wild type and Nckx1 −/− retinal sections. In contrast, our immunofluorescence studies show a NCKX1 staining pattern that outlines the rod outer segments and is undetectable in other layers of the retina. This result is in agreement with earlier immunoelectron microscopy studies on bovine NCKX1 that indicate its localization to the rod outer segment plasma membrane (30) . Thus, NCKX1 distribution is similar to that of the CNG transduction channels and its location is consistent with its presumed role of extruding Ca 2+ from the rod outer segments.
In the absence of NCKX1, the level of CNG channel α and βsubunits decreased, as did GARP2, suggesting that the complex offered structural stability. This phenomenon has been previously observed for other phototransduction proteins, such as Gβ5 and RGS9 (59), PDE6γ and PDEαβ (60) and rod transducin βγ subunits (61) . The similar effect of the absence of NCKX1 and CNG channel on the outer segment disk structure (32) suggests that the complex, and/or GARP2, is required for the maintenance of disc morphology. Overall, our results support previous biochemical evidence for the interaction between NCKX1 and CNG channels and further suggest that this interaction is critical for the proper function of CNG channels in mammalian rod photoreceptors.
The deletion of NCKX1 reduced rod sensitivity by 100-fold, a phenotype similar to CNGβ1 −/− rods, although the underlying mechanism appears to be different. In the latter case, the absence of CNGβ1 profoundly affected the number of functional channels at the outer segment plasma membrane, thus reducing the amount of inward current. Although we found a 2-fold downregulation of CNG channel expression in Nckx1 −/− mouse retina, its robust residual expression and its normal localization pattern ( Fig. 3A and B) suggest additional mechanisms contributing to the dramatic reduction of rod signals. These channels appear to be functional, inasmuch as inhibition of PDE by IBMX increased the amount of circulating current in Nckx1 −/− rods. Instead, the basis for the reduced current appears to be lowered cGMP levels in the Nckx1 −/− retina. Decreased level of cGMP is consistent with the known inhibitory role of GCAPs on the cyclase under elevated [Ca 2+ ] i owing to impaired Ca 2+ extrusion . This reduction of cGMP, in turn, is expected to greatly impact the channel's conductance as the cooperativity of the channel activation by cGMP is 3 (41) (42) (43) .
Importance of NCKX1 for the survival of rod photoreceptors
Mutations that disrupt the balance of cGMP synthesis/hydrolysis reactions leading to excessive number of open CNG channels are thought to kill photoreceptors through increased CNG-mediated Ca 2+ influx (1, 4, 9, 10, 13, 62, 63) . Reduction of Ca 2+ influx into the outer segments through mutant CNG channels is also correlated with cell death (16, 39, 64) . However, whether direct disruption of Ca 2+ extrusion from the mammalian rod outer segments affects the long-term survival of rods had not been tested. If NCKX1 is the only Ca 2+ extrusion mechanism in the rod outer segment, we expected its deletion to cause increased Ca 2+ and severe rod degeneration. Hence, it was surprising that NCKX1 deletion resulted only in subtle morphological changes and slow retinal degeneration (Fig. 2) with preserved cone function even in 1-year-old Nckx1 −/− mice (Fig. 7) . The lack of severe degeneration of NCKX1-deficient rods suggests that these cells did not experience largely abnormal [Ca 2+ ] i in their outer segments. As discussed earlier, one mechanism by which rods may achieve this is the NCKX1-independent regulation of [Ca 2+ ] i . In addition, the reduced expression of transduction channels in Nckx1 −/− rods, together with the reduced inward current, demonstrates a compensatory mechanism that would decrease Ca 2+ influx when its extrusion is compromised. In summary, we believe that lowered channel expression, lowered channel conductance and NCKX1-independent extrusion help to prevent excessive accumulation of Ca 2+ in Nckx1 −/− rods. This might explain the slower than expected rod degeneration and the preservation of cone-mediated vision in mice lacking NCKX1.
Nckx1 −/− mice as a model for human CSNB disease
Congenital stationary night blindness is a genetically heterogeneous disorder. Some of the associated mutations affect proteins involved in the synaptic transmission from rods to rod bipolar cells [TRPM1, CACNA1F, NYX (65-67)] and others are linked to phototransduction proteins [RHO, PDE6B, GNAT1 (68-70)]. A mutation in the human NCKX1 gene (SLC24A1), expected to suppress the exchanger activity, was also recently linked to CSNB disease (28) . It should be emphasized that the CSNB diagnosis is based on long-term preservation of photopic vision and does not preclude slow rod degeneration. Indeed, Oguchi patients that harbor mutations in the ARR1 or GRK1 genes are diagnosed with CSNB despite ongoing rod cell death caused by constitutive transducin signaling (9, 10, 71) . Our Nckx1 −/− mouse results are consistent with the stationary nature of this disorder and suggest that this is due both to suppressed Ca 2+ influx in the absence of NCKX1 and some unknown NCKX1-independent extrusion of Ca 2+ from the rod outer segment. Thus, the Nckx1 −/− mouse provides an excellent model for CSNB that should be useful for development and testing of therapeutic strategies to prevent this type of night blindness.
Materials and Methods
Animals
All experiments were conducted with adult mice [free of rd8 mutation (72)] of either sex. The Nckx1 −/− mice were on a C57BL/6 background (PRID: MGI:3709293), and wild-type littermates were used as controls. For convenience, cone functional experiments were conducted with mice lacking the α subunit of rod transducin [Gnat1 −/− (73)], which prevents rods from generating light responses but does not affect the morphology and function of cones (74) . The mice used did not have rd8 mutation. Animals were kept in 12/12 h dark/light cycle with free access to water and food. All experimental protocols were in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the institutional Animal Studies Committee at Washington University.
Generation of NCKX1-deficient mouse NCKX1 knockout mice (Nckx1 −/− ) were generated by Taconic Biosciences, Inc. following the strategy outlined in Figure 1A . Male chimeras were bred with C57BL/6 females to produce Nckx1 +/− mice. These heterozygous mice were crossed to obtain Nckx1 +/+ and Nckx1 −/− mice that were used for experiments. All genotyping was performed by Transnetyx, Inc., and genotyping protocols are available upon request for the strain name NCKX1.
Generation of Cngβ1-deficient mice
CNGβ1 knockout mice (Cngβ1 −/− ) were generated by insertion of neoloxP cassette into intron 19 of the CNGβ1 gene (75) . The insertion disrupted the splicing site and abrogated protein expression.
Morphology
Mice were euthanized by CO 2 inhalation followed by cervical dislocation before eye enucleation. The whole eye was placed in 1/2 Karnovsky buffer (2.5% glutaraldehyde, 2% formaldehyde in 0.1  cacodylate buffer, pH 7.2), and the cornea and lens were removed. The remaining eyecup was further fixed overnight in 1/2 Karnovsky buffer at 4°C, rinsed in 0.1  cacodylate buffer and prepared into epoxy resin blocks as previously described (76) . The central retina was sectioned along the superior-inferior axis at 1 micron thickness for light microscopy and 60 nm for TEM.
Immunofluorescence
The eyecup was prepared as described earlier in a different fixation buffer (4% formaldehyde, 0.5% glutaraldehyde in 0.1  cacodylate buffer, pH 7.2) for 1 h and rinsed three times, 10 min each, in 0.1  cacodylate buffer. The eyecups were then cryoprotected in 30% sucrose overnight at 4°C and then embedded in O.C. T™ (Tissue-Tech ® ) and sectioned at 10 μm thickness in a cryostat (CM 3050 S, Leica Microsystems) and stored at −80°C. The thawed sections were air-dried and blocked with 2% bovine serum albumin, 2% goat serum and 0.3% Triton X-100 in phosphate-buffered saline (PBS) for 1 h and then incubated with the following mouse monoclonal antibodies: NCKX1 8H6 (1:20, generated from a mouse immunized with a GST-fusion protein containing amino acids 700-760 of mouse NCKX1), GARP 4B1 antibody [1:20 (33)] and rhodopsin 1D4 [1:1000 (77)] or the following rabbit polyclonal antibodies: GFAP (1:500, Millipore AB5804), cone S-opsin [1:100 (78) ]. The sections were incubated overnight at 4°C, rinsed and incubated for 1 h with a fluoresceinor Texas Red-labeled secondary antibody (1:400, Vector Laboratories). The sections were further rinsed and mounted in Vectashield containing DAPI (Vector Laboratories). Rhodamine-conjugated PNA (Vector Laboratories) was diluted 1:100 in buffer (PBS containing 1 m CaCl 2 , 1 m MgCl 2 , 1 mg/ml BSA) and incubated on the slides for 1 h at room temperature. For immunofluorescence on dissociated cells, isolated retinas were chopped in PBS. Dissociated cells were placed on gelatin-coated glass slides and fixed with 4% formaldehyde in PBS for 5 min. The cells were rinsed in PBS and processed for immunofluorescence as described for retinal sections. The primary antibodies used were NCKX1 8H6 and a rabbit antibody against mouse cone arrestin [LUMI-J, 1:100 dilution (79, 80) ]. The images were obtained using an LSM 5 confocal microscope (Zeiss Microscope). Images were first obtained for WT control sections, and the identical settings were then used to obtain images from Nckx1 −/− sections.
Protein expression assays
The expression levels of rhodopsin were measured by spectroscopy. Mice were dark-adapted overnight, and the retinas were dissected under infrared light. Retinas were solubilized in 200 μl 1% dodecylmaltoside in PBS containing complete mini protease inhibitor (Roche Applied Sciences) for 3 h at 4°C, followed by 4000 rpm centrifugation for 3 min to remove particulates. The supernatant was transferred to a quartz cuvette to measure the UV/visible (270-700 nm) absorption spectra using spectrophotometer DU640 (Beckman Coulter). The concentration of rhodopsin was calculated by the difference in absorbance before and after full bleach by white light and its extinction coefficient (40,600 M −1 cm −1 ). The value was normalized to the total protein concentration estimated by the absorbance at 280 nm.
The expression levels of the other phototransduction proteins were quantified by western blotting. Each isolated retina was homogenized in 150 μl buffer (150 m NaCl, 50 m Tris pH 8.0, 0.1% NP-40, 0.5% deoxycholic acid) containing 0.1 m PMSF and complete mini protease inhibitor. DNase I (30U, Roche Applied Sciences) was then added and incubated at room temperature for 30 min. The total protein amount of each sample was determined by the BCA TM Protein Assay Kit (Thermo Scientific). An equal amount of retinal homogenate from each sample was electrophoresed on 4-12% Bis-Tris SDS-PAGE Gel (Invitrogen) followed by transfer to nitrocellulose membrane (Whatman™, GE Healthcare Life Sciences) and incubated overnight with the following primary antibodies: rabbit anti-PDE polyclonal antibody (1:1000, Cytosignal, PAB-06800), rabbit anti-ROS-GC1 polyclonal antibody (1:500, Santa Cruz, sc50512), mouse Anti-G t α antibody (1:5000, EMD4Biosciences, 371740), rabbit polyclonal anti-GCAP1 and GCAP2 antibodies [1:2000 and 1:1000, respectively (81)], rabbit anti-Recoverin antibody (1:1000), mouse anti-GARP 4B1 antibody (1:500), mouse anti-CNGα antibody PMc 1D1 [1:500 (37)], mouse NCKX1 8H6 antibody (1:1000) and mouse anti-Actin antibody (1:5000, Millipore, MAB1501). The membranes were then incubated with fluorescently labeled secondary antibodies (1:10,000, LI-COR biosciences, 926-31081) at room temperature for 1 h and detected by Odyssey infrared imaging system. The intensity of individual bands was quantified using Image J. Quantification of Western data was obtained using at least three independent sets of experiments (n ≥ 3).
cGMP enzyme-linked immunosorbant assay
Mice were dark-adapted overnight and killed as described earlier. Retinas were isolated under infrared light and immediately frozen in liquid nitrogen. The frozen retinas were homogenized in 150 μl cold 6% trichloroacetic acid followed by six times repeated extraction with water-saturated ether. The aqueous fraction was dried in a vacuum centrifuge. The total cGMP was determined by cyclic GMP XP ® Assay Kit (Cell Signaling #4360S) following manufacturer's protocol.
Behavior
Contrast thresholds of 2-to 3-month-old age-matched WT control, Nckx1 −/− and Gnat1 −/− female mice were determined as described previously by using a commercial Optomotry system [Cerebral Mechanics (82) (61)] at different background light levels ranging from −7.2 to 1.9 lg(Cd m −2 ). Temporal (f t ) and spatial (f s ) frequency as well as speed of the moving gratings (v D ) were 0.75 Hz, 0.128 cyc deg −1 and 5.4 deg s −1 in all experiments and background light conditions. All mice were dark-adapted (>12 h) before experiments and contrast thresholds were determined starting from the dimmest background. At the background range where contrast threshold decreased with the steepest slope with respect to background luminance, the measurement was repeated in each mouse with dimmer background after Human Molecular Genetics | 11 at Washington University School of Medicine Library on August 20, 2015 http://hmg.oxfordjournals.org/ using ∼1 log-unit brighter background to ensure that light adaptation did not have a significant effect on the measured contrast thresholds. Contrast sensitivity and visual acuity were also determined under photopic conditions in young WT and KO mice as well as in 1-year-old KO mice. In these experiments, mean background light intensity and v D were 1.9 lg(Cd m −2 ) and 12 deg s −1 , respectively. In contrast sensitivity experiments, f s was set to 0.128 cyc deg −1 and in visual acuity experiments contrast was set to 100%.
Single-cell recordings
Rod photoreceptor outer segment current was recorded with a suction electrode from retinal pieces perfused with Locke's solution as described previously (78) . The perfusion solution contained (in m): NaCl, 112; KCl, 3.6; MgCl 2 , 2.4; CaCl 2 , 1.2; HEPES, 10; NaHCO 3 , 20; Na 2 -succinate, 3; Na-glutamate, 0.5; glucose, 10. In addition, the solution was supplemented with 0.1% of MEM vitamins and amino acids (Sigma-Aldrich), and equilibrated with 95%O 2 /5%CO 2 at 37°C. The recording electrode contained (in m): NaCl, 140; KCl, 3.6; MgCl 2 , 2.4; CaCl 2 , 1.2; HEPES, 3; glucose, 10. The pH was adjusted to 7.4 with NaOH. Light stimulation and calibration were performed as in transretinal ERG recordings (see below).
Transretinal ERG
Transretinal ERG recordings were performed from >12 h darkadapted mice. Animals were euthanized by CO 2 inhalation followed by cervical dislocation under dim red light. Retinas were dissected under IR light by using a dissection microscope equipped with IR converters, placed photoreceptor-side up on black filter paper (HABG01300, Millipore), and set on a custombuild specimen holder similar to that described previously (83, 84) . In b-wave flicker and also some a-wave experiments, retinas were perfused at 3-5 ml min −1 with bicarbonate-buffered Ames medium (Sigma-Aldrich) bubbled with 95%O 2 /5%CO 2 at 37°C. Rod photoreceptor responses were recorded from retinas perfused with HEPES-buffered Ringer's solution containing (in m): Na + , 133.9; K + , 3.3; Mg 2+ , 2.0; Ca 2+ , 1.0; Cl − , 143.2; glucose, 10.0; EDTA, 0.01; HEPES, 12.0, buffered to pH 7.5 with NaOH. The solution was supplemented with 0.72 g/l Leibovitz culture medium L-15 (Sigma-Aldrich) to improve retina viability and with 40 µ DL-AP4 (Tocris Biosciences) and 100 µ BaCl 2 to isolate the photoreceptor component of the ERG signal. The temperature of the retina was maintained at 37°C by circulating the perfusion tubing through a heated ceramic peace just before the retina and by measuring it with a thermocouple (Physitemp Instruments, Inc., IT-18) immersed in the perfusion right after the retina. Signal was amplified by a differential amplifier (DP-311, Warner Instruments) and tunable active filter (Krohn-Hite Corporation, model 3382), low-pass filtered at 300 Hz (8-pole Bessel, Krohn-Hite Corporation, model 3382) and sampled at 10 kHz with 0.03 µV resolution by using a digitizer (1440A Digidata, Molecular Devices) and pCLAMP 10 software (Molecular Devices). Light stimulation was provided by a custom-build LED system that produced a homogenous light spot overfilling the effective measurement area of 0.5 mm in diameter at the central retina. LED light was aligned on the retina by using an optical cable (Newport, 77536) and optics of an inverted microscope. Light intensity and the length of light flashes (1 ms) and light steps were controlled by an LED driver (Thorlabs, LDC210C) and neutral density filters. The peak wavelength of the LED light spectrum was 505 nm (Rebel star, SR-01-E0070), and the total light power was measured by calibrated optometer (UDT Instruments, Model 211) near the plane of the retina. The intensity was then calculated based on the light spot area at the plane of the retina (2.35 mm in diameter) and converted to a number of 505 nm photons µm −2 s −1 . An inhibitor of Ca 2+ exchangers, KB-R7943 mesylate (Tocris Bioscience) or IBMX (Sigma-Aldrich), was used in a set of experiments. A 50 m KB-R7943 or 30 m IBMX stock solution was prepared in DMSO. These stock solutions were added to Ringer solution to achieve 0.1 m (0.2%) or 0.3 m (0.1%) final concentration in KB-R7943 and IBMX experiments, respectively. In KB-R7943 experiments, retinas were incubated for 30-60 min in KB-R7943 Ringer before recordings that were conducted under perfusion also containing KB-R7943 (0.1 m). Control recordings were made from retinas perfused with Ringer containing 0.2% or 0.1% DMSO in KB-R7943 and IBMX experiments, respectively. A sum of two Hill functions
was fitted to the b-wave amplitude (R) data of the WT and Nckx1 −/− mouse retinas. There, E is the flash energy (in photons µm −2 ), E 1/2,1, E 1/2,2 are the half-saturating flash energies, R max,1, R max, 2 are the maximal b-wave amplitudes, and n 1 and n 2 are the Hill-coefficients for the presumed rod-and cone-driven responses (38) . The sum R max,1 + R max,2 was set equal to the maximal b-wave amplitude measured with the brightest flash used. In case of Gnat1 −/− mice or when recording photoreceptor responses (Ringer's solution with blockers), only one term of the right-hand side of the equation was used as the responses in those conditions were dominated by only one photoreceptor type. In some transretinal experiments, cone responses were isolated using double-flash technique from WT mouse retinas (40) . We used 65,000 photons (505 nm) µm −2 pre-flash and various test flashes to elicit cone responses with 250 ms inter-stimulus interval. In flicker ERG experiments, the fundamental amplitude (R f ) was determined from the peak-to-peak amplitude of the ERG response at >2 s after the flicker stimulus onset when the amplitudes had reached a stable value. Mean values of 100% contrast sinusoidal flicker stimulus intensities I mean ¼ I max = ffiffiffi 2 p are given in photons (505 nm) µm −2 s −1 , where I max is the maximal intensity at the peak of the sinusoidal stimulus. In light adaptation experiments, a Weber-Fechner function 
where R max is the maximal saturated response amplitude and T i is the integration time of a dark-adapted dim flash response
